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6:2 Fluorotelomer sulfonate (6:2 FTS) is an emerging environmental 
contaminant. As a transformation product from the degradation of formulant in the 
aqueous film-forming foams (AFFF), 6:2 FTS has been frequently found with high 
concentrations in groundwater and soil, especially those adjacent to firefighting training 
areas. Due to its wide occurrence, toxicity, and bioaccumulation potential, 6:2 FTS has 
received a lot of attentions in the past decade. Conflicting biodegradability of 6:2 FTS 
under aerobic conditions were observed in activated sludge and river sediment. There 
was no evidence of biodegradation or biotransformation of 6:2 FTS occurring under 
anaerobic conditions.  
Current knowledge on the factors determining biotransfomation and 
biodefluorination rate of 6:2 FTS is still unclear. To bridge this knowledge gap, this 
thesis characterized cultivable 6:2 FTS-degrading strains and elucidated the rate-limiting 
step affecting biotransfomation and biodefluorination of 6:2 FTS, with an emphasis on 
enzymes responsible for desulfonation. Two desulfonating enzyme systems, taurine 
dioxygenase (TauD) and two-component alkanesulfonate monooxygenase (SsuE/D), 
were examined for their ability to desulfonate 6:2 FTS. 
A rhizosphere soil bacterial isolate, Pseudomonas strain SYC, can not only 
biotransform but also defluorinate 6:2 FTS. Two 6:2 FTOH-degrading strains, 
Rhodococcus jostii RHA1 and Pseudomonas oleovorans, also showed an ability to 




conditions, 6:2 FTS was readily defluorinated when it served as the sole sulfur source 
with appropriate carbon source being provided, such as ethanol, 1-butanol, and n-octane. 
There was no observable fluoride release when sulfate presents in the medium, likely 
due to the repression of the expression of desulfonating enzymes, suggesting that 
desulfonation is the first step in 6:2 FTS metabolism by 6:2 FTS-degrading strains. 
Three desulfonating-associated enzymes, taurine dioxygenase (TauD), 
alkanesulfonate reductase (SsuE) and alkanesulfonate monooxygenase (SsuD), were 
successfully expressed and produced by E. coli competent cell BL21 (DE3). Free sulfite 
release was observed when using crude extract of enzymes to react with 6:2 FTS, 
indicating successful desulfonation by TauD and SsuE/D system. 
The elucidations of rate-limiting step of 6:2 FTS defluorination, as well as 
enzymes responsible for 6:2 FTS desulfonation, provide fundamental knowledge for 
future studies on the molecular biology of 6:2 FTS metabolism in bacteria and the 
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1. INTRODUCTION AND OBJECTIVES 
 
1.1. Introduction 
6:2 Fluorotelomer Sulfonate (6:2 FTS, F(CF2)6CH2CH2SO3H) (Fig. 1.1) is a 
polyfluorinated compound with six fluorinated carbons, two hydrocarbons and a 
sulfonate group. It is often utilized as mist suppressing agent in non-decorative hard 
chrome plating industry as an alternative to a banned chemical perfluorooctane sulfonate 
(PFOS).1-5 
 
Figure 1.1. Structure of 6:2 fluorotelomer sulfonate (6:2 FTS). 
 
6:2 FTS has been found in surface water, groundwater, and soil, especially at 
firefighting training sites by US military, and locations where major fires have been 
extinguished through use of aqueous film-forming foams (AFFF).6 However, 6:2 FTS 
was not identified as a major component in AFFFs,7 suggesting that it may arise as 
intermediate transformation products from the degradation of precursor compounds,8, 9 
such as fluorotelomer thioether amido sulfonate (FtTAoS) that have been detected in 
AFFFs.10 In the past decade, a number of studies reported detections of 6:2 FTS ranging 
from ng/g to µg/g in soil6, 10, 11 as well as µg/L to mg/L in groundwater12-14 contaminated 




the levels of which are comparable to those for perfluorooctanoate (PFOA) and PFOS.2 
The frequent detections of 6:2 FTS with high concentrations in the environment are 
quickly becoming a matter of concern. 
6:2 FTS is classified as a Class III risk in a human risk study using the Threshold 
of Toxicological model with a threshold of 90 mg/person/day.2 A recent report suggested 
that exposure to 6:2 FTS induced hepatotoxicity in the adult male mice, including liver 
weight increase, inflammation, and necrosis.3 After being exposed to 5 mg/kg/day of 6:2 
FTS for 28 days, 6:2 FTS was detected at high level in serum (18.52 µg/mL) as well as 
very high level in liver (194.44 µg/g), which is within the same order of magnitude as 
that of PFOA and PFOS, indicating its bioaccumulation potential and slow 
biodegradation in mice.3  
Many advanced physical/chemical processes have shown effective removal of 
6:2 FTS, such as nanofiltration,15 sonolysis,16 UV irradiation,4 electrochemical 
oxidation,17, 18 and advanced oxidation processes.1, 19 However, these techniques are 
costly and can potentially generate byproducts that are difficult to remove from water. 
On the other hand, biodegradation of 6:2 FTS by activated sludge, aerobic river 
sediments, and pure strains has been reported, suggesting that the biological approach 
could be an inexpensive and effective alternative for 6:2 FTS removal. 
The biodegradability of 6:2 FTS under aerobic conditions were conflicting in 
activated sludge and river sediments. No evidence of biodegradation occurred under 
anaerobic conditions. The aerobic biotransformation process in activated sludge was 




biotransformation of 6:2 FTS was relatively fast in the river sediment, with a half-life of 
approximately 5 days.21 It was speculated that the higher concentrations of 
monooxygenases, which may catalyze the enzymatic desulfonation process of 6:2 FTS, 
contributes to a faster rate of aerobic transformation.21, 22 In contrast, 6:2 FTS is 
persistent under anaerobic or anoxic conditions as suggested by the observation of no 6:2 
FTS biotransformation in anaerobic river sediments over 100 days.21  These studies 
reported different extents of biodegradability of FTS under aerobic conditions.  
However, the conditions that caused the variation of biodegradation of FTS are unclear 
and have not been fully investigated.  
Two pure cultures, Gordonia sp. NB4-1Y22, 23 and Pseudomonas sp. strain D2,24 
have shown the ability to use 6:2 FTS as their sole sulfur source under sulfur-limiting 
conditions.  However, the enzyme responsible for the desulfonation of 6:2 FTS is not 
fully investigated.25 Also, it is still unclear that if desulfonation of 6:2 FTS is a rate-
limiting step of biodefluorination of 6:2 FTS. Given the high occurrence and 
concentration of 6:2 FTS in the environment and its toxicity,2, 20, 21 a better 
understanding on the mechanisms involved in factors and enzymes controlling the 
biotransformation of 6:2 FTS is thus warranted to the development of treatment for 





1.2. Goal, objectives, and hypotheses 
The goal of this study is to investigate the rate-limiting step affecting 
biotransfomation and biodefluorination of 6:2 FTS, with an emphasis on enzymes 
responsible for desulfonation and defluorination. The overall hypothesis is that the first 
step in 6:2 FTS metabolism in 6:2 FTS-degrading strains is the desulfonation of 6:2 FTS 
catalyzed by the expression of desulfonating-enzymes under sulfur-limiting growth 
conditions. Below is the description of each sub-objective and associated sub-
hypothesis.  
 
Objective 1: Isolate and characterize 6:2 FTS-degrading bacteria from soils. 
Rationale and Hypothesis: Many soil bacteria are capable of mineralizing sulfur from 
sulfate-esters and sulfonates, and these bacteria are commonly detected in the 
rhizosphere zone,26  where biodegradation of organic pollutants including sulfate esters 
and sulfonates mainly occurs in soil.27 Sodium dodecyl sulfate (SDS, CH3(CH2)11SO4-) 
is a main component in the detergent of car wash.28 The desulfonating-associated 
microbial populations are enriched in the rhizosphere of soils that are contaminated with 
detergent at car wash facilities.28, 29 Accordingly, I hypothesize that rhizosphere bacteria 
at car wash sites are capable of desulfonating 6:2 FTS.    
Task 1a: Enrich and isolate desulfonating bacteria from soil rhizosphere. 
Task 1b: Examine capability of metabolizing 6:2 FTS by the isolated strains. 




Objective 2: Examine the biodegradation potential of 6:2 FTS by 6:2 FTOH-
degrading strains. 
Rationale and Hypothesis: The structure of 6:2 FTS is analogous to that of 6:2 
fluorotelomer alcohol (F(CF2)6CH2CH2OH, 6:2 FTOH), which was degraded under 
aerobic conditions in numerous environmental matrices30, 31 as well as by several pure 
cultures.32, 33 The primary biotransformation of 6:2 FTS was proposed to form 6:2 FTUA 
(F(CF2)5CF=CHCOOH), which was subsequently transformed following the pathways 
similar to that of 6:2 FTOH.20 Accordingly, it is possible that the 6:2 FTOH degraders 
may also degrade 6:2 FTS. To test this hypothesis, two 6:2 FTOH-degrading strains, 
Rhodococcus jostii RHA1 and Pseudomonas oleovorans,32 were used. 
Task 2a: Examine the biodefluorination of 6:2 FTS by Rhodococcus jostii RHA1 
under different oxygenase-expression conditions. 
Task 2b: Examine the biodefluorination of 6:2 FTS by Pseudomonas oleovorans 
under different oxygenase-expression conditions. 
 
Objective 3: Examine enzymes responsible for the desulfonation of 6:2 FTS. 
Rationale and Hypothesis: Previous studies have shown that the 6:2 FTS is susceptible to 
biodegradation under aerobic, sulfur-limiting conditions. It was speculated that 6:2 FTS 
must be desulfonated first for further biotransformation to occur.20, 21 Many studies have 
reported that aerobic bacteria liberate sulfite from sulfonates by using oxygenases, such 




alkanesulfonate monooxygenase system (SsuE/D).34-36 The structure of two 
hydrocarbons with a sulfonate moiety of 6:2 FTS is similar to those of many aliphatic 
sulfonates. It is hypothesized that taurine dioxygenase (TauD) and two-component 
alkanesulfonate monooxygenase system (SsuE/D) may be responsible for 6:2 FTS 
desulfonation.22, 37 
Task 3a: Conduct cloning by constructing expression plasmids of flavin 
reductase gene (ssuE), alkanesulfonate monooxygenase gene (ssuD), and taurine 
dioxygenase gene (tauD) and overexpress proteins. 
Task 3b: Examine the capabilities of alkanesulfonate monooxygenase system 






2. LITERATURE REVIEW 
 
2.1. 6:2 Fluorotelomer sulfonate (6:2 FTS) 
2.1.1. Physical and chemical properties of 6:2 FTS 
Due to the limited physical/chemical property data for 6:2 FTS, most properties 
for the free acid forms of 6:2 fluorotelomer sulfonate are estimated (Table. 2.1) using 
property estimation software.2 6:2 FTS is white to off-white crystalline powder without 
sensible odor. The chemical formula for 6:2 fluorotelomer sulfonic acid is C8H5F13O3S 
and its molecular weight is 428.17 g/mol.  
 
Table 2.1. Predicted properties of the free acid forms of 6:2 Fluorotelomer Sulfonate (6:2 FTS).2 
Predicted property  Value 
CAS Number 27619-97-2 
 Chemical Formula  C8H5F13O3S 
Molecular Weight (g/mol)  428.17 
pKa 1.31 ± 0.50, 0.36 
log Vapor pressure (Pa)  -0.96 
log water solubility (mol/L, 25 °C)   -2.51 
log Kow (octanol-water coefficient, 25 °C) 4.44; 2.455 
log Kaw (air–water coefficient)  -4.85 
log Koa (octanol–air coefficient) 9.28 
Kd (solid-water partition coefficient, L/kg) 3.1 - 12 
Koc (soil-organic carbon coefficient, pH 7, 25 
°C) 
1.0 
BCF (bioconcentration factor)  1.0 




6:2 FTS is thermally stable, which has a melting point over 300 °C. With 
estimated pKa of 0.36–1.31, 6:2 FTS presents primarily in the anionic form at 
environmentally relevant pH. 6:2 FTS is relatively non-volatile and non-soluble in water, 
but readily soluble in organic solvents such as ethanol.  
The chemical structure of 6:2 FTS is similar to that of perfluorooctane sulfonate 
(PFOS) (Fig. 2.1). In the hard metal plating industry, 6:2 fluorotelomer sulfonate is 
usually applied as the alternative to perfluorooctane sulfonate (PFOS), which has been 
listed in the Stockholm Convention for global ban in the early 2000s due to its potential 
hazards and persistent nature.1, 4, 9, 38 
 
 
Figure 2.1. Structure of perfluorooctane sulfonate (PFOS). 
 
It should be noted that 6:2 FTS has been referred to in some literature as “H-
PFOS”,24 “THPFOS”,39 “tetrahydro PFOS”,6 but 6:2 FTS is both physically and 
chemically different from PFOS.20 6:2 FTS has relatively lower acidity and surface 
activity compared to perfluorinated acids.40 Due to its slightly higher surface tension, 6:2 
FTS can only be partly applied in decorative plating.38 The sorption of several 
fluorotelomers to six soil samples with varying soil properties and characteristics was 




sulfonamido betaines (FtSaBs), and cationic 6:2 fluorotelomer sulfonamido amine 
(FtSaAm), 6:2 FTS was the weakest FTSs sorbed to soil.41 The low Kd values for the 6:2 
FTS suggested that it is highly mobile in groundwater,41 which is in accord with the high 
concentrations of 6:2 FTS in the analysis of AFFF-impacted groundwater (up to 14.6 
mg/L).12 
 
2.1.2. Sources and fate of 6:2 FTS in the environments 
Widespread detections of 6:2 FTS in a variety of environmental media were 
observed. 6:2 FTS has been found in groundwater (up to 14.6 mg/L at AFFF-impacted 
area and 8.54 ng/L in non-industrial area),12,38 rivers (1.6 ng/L in the Hai River, China),42 
wastewater effluents (median concentration of 3.4 ng/L from eight WWTP in San 
Francisco Bay),43 and soil (612-2101 ng/g at Flesland airport, Norway).11 They have also 
been detected in municipal sewage sludge (13.9 ng/g, China),44 sediments (7 ng/g at 
Flesland airport, Norway),11 WWTP effluents (37.9 ng/L, Germany),45 landfill leachate 
(582 ng/L),46 and human serum(0.047 µg/L).47 The surface water, sediment, 
groundwater, and soil with high reported levels of 6:2 FTS are adjacent to firefighting 
training areas associated with repeated usage of AFFF use and systems impacted by 
fluorinated chemical manufacturing wastes.12, 48 
The primary origin and environmental fate of 6:2 FTS could be degradation or 
transformation of more complex fluorotelomer-based precursors containing the 
CnF2n+1CH2CH2S–R or CnF2n+1CH2CH2SO2–R moiety (where R is a hydrophilic 




Recent studies reported that several formulations of AFFFs, branded as Angus-fire 
Tridol, Ansulite, and Angus-fire Tridol, were evaluated. The concentration of 6:2FTS 
was found to have significantly increased after oxidization of AFFF formulations, 
although it was not obvious before oxidization.9 For example, Fluorotelomer thioether 
amido sulfonate (FtTAoS) is present in several widely used AFFF formulations,10 which 
may undergo biodegradation or biotransformation to 6:2 FTS in soil, groundwater or 
other environments where AFFFs were released. 
 
2.2. 6:2 FTS biodegradation 
2.2.1. 6:2 FTS biodegradation in activated sludge and sediments 
Aerobic degradation of 6:2 FTS has been observed in activated sludge (sampled 
from three wastewater treatment plants (WWTPs) in Pennsylvania, Maryland, and 
Delaware) and river sediments (sampled from Brandywine river creek, Pennsylvania). 
6:2 FTS was readily biotransformed in aerobic river sediment,21 slowly and 
incompletely transformed in activated sludge,20 but was not biotransformed in anaerobic 
river sediment.21 The half-life of the biotransformation process in activated sludge and 
aerobic sediment are approximately 2 years and 5 days,20, 21 respectively. The significant 
difference of aerobic transformation rate might be due to the great disparities in the 
concentrations of monooxygenase, which may be responsible of catalyzing the 
enzymatic desulfonation process of 6:2 FTS.21 Primary biotransformation of 6:2 FTS 
after 90 days in activated sludge bypassed 6:2 fluorotelomer alcohol (6:2 FTOH, 




following the pathways similar to that of 6:2 FTOH to form PFPeA (F(CF2)4COOH) and 
PFHxA (F(CF2)5COOH) eventually.20 The biotransformation of 6:2 FTS after 90 days in 
aerobic river sediment proceeded with the formation of 5:3 fluorotelomer carboxylic 
acid (5:3 FTCA) (F(CF2)5CH2CH2COOH, 16 mol%), PFPeA (21 mol%), and PFHxA 
(20 mol%).21 Compared to the parallel set of 6:2 FTOH biotransformation in the same 
aerobic sediment, 6:2 FTS primary biotransformation and subsequent formation of stable 
transformation products was as fast as that of 6:2 FTOH.21 In contrast, 6:2 FTOH was 
readily biotransformed to 6:2 FTCA (60 mol%) and 5:3 FTCA (12 mol%) whereas 6:2 
FTS was persistent in anaerobic sediments over 100 days. This distinctive difference, 
compared with 6:2 FTOH, is attributable to the sulfonate moiety of 6:2 FTS. The 
biotransformation performance of 6:2 FTS and 6:2 FTOH under three conditions and the 
analogous structure indicated that 6:2 FTS desulfonation is the initial step required for 
6:2 FTS to be further biotransformed to downstream stable transformation products.20, 21 
 
2.2.2. 6:2 FTS biodegradation by pure cultures 
Relatively few studies investigated the biodegradation of 6:2 FTS in aqueous 
phase with pure strains. To date, two pure cultures, Gordonia sp. NB4-1Y22, 23 and 
Pseudomonas sp. strain D2,24 were reported capable of biodegrading and 
biodefluorinating 6:2 FTS under aerobic conditions, in which the 6:2 FTS was the sole 
sulfur source.  
Pseudomonas sp. strain D2 can defluorinate 6:2 FTS into six volatile 




and fluorine, but not sulfur. This suggests a linkage between sulfur assimilation and 
defluorination. The incubations closed to atmosphere and open to atmosphere were 
compared. Nearly 1.42 mol of fluoride release was detected per mole of 6:2 FTS added 
in closed incubations. However, this ratio was only 0.09 mol F-/mol 6:2 FTS in the open 
incubations, indicating further defluorination of volatile intermediates in the closed 
systems.24 
A strain isolated from vermicompost, Gordonia sp. NB4-1Y, can metabolize 6:2 
FTS when 6:2 FTS was supplied as sole sulfur source.22 The strain degraded 6:2 FTS (60 
µM) into ten major breakdown products over 7 days under aerobic condition.23 Greater 
than 50% of transformed products were found in volatile phase. About 20% of the total 
6:2 FTS spiked was transformed to water-soluble metabolites. Based on the detected 
degradation products, two pathways (major 5:2 ketone and minor 5:3 FTCA) for 6:2 
FTS biodegradation by NB4-1Y were proposed (Fig. 2.2).23  
Both strains were capable of degrading 6:2 FTS only under sulfur-limiting 
conditions. The presence of inorganic sulfur, such as sulfate and sulfite, might repress 












2.3. 6:2 FTOH-degrading strains 
The chemical structure of 6:2 FTS is very similar to 6:2 fluorotelomer alcohol 
(6:2 FTOH, F(CF2)6CH2CH2OH), where 6:2 FTS contains a sulfonate end (-SO3-) and 
6:2 FTOH contains a hydroxyl end (-OH). It has been proposed that 6:2 FTOH would be 
formed and easily biotransformed by 6:2 FTOH-degrading strains if the sulfonate group 
of 6:2 FTS is removed and substituted with a hydroxyl group.21 Pseudomonas 
oleovorans and Rhodococcus jostii RHA1 are two well-studied bacteria known for their 
ability to biotransform FTOHs or polychlorinated compounds,32, 49 and aliphatic 
compounds.  These two strains can grow on a wide range of carbon sources and express 
different oxygenases in responding to their growth substrates. Thus, these two strains are 
selected for their ability to degrade 6:2 FTS in this study. 
 
2.3.1. Rhodococcus jostii RHA1 
Rhodococcus jostii strain RHA1 (referred as RHA1 hereafter) is a gram-positive 
strain, which was isolated from γ-hexachlorocyclohexane-contaminated soil in Japan in 
1995.50 RHA1 is capable of catabolizing a wide range of compounds including 
polychlorinated biphenyls (PCB), trichloroethylene (TCE), 1,4-dioxane and triclosan.49-
51 The complete genome sequence of RHA1 reveals that RHA1’s protein-encoding genes 
are outstandingly rich in oxygenases.52 Many of the oxygenases expressed by RHA1, 
such as propane monooxygenase (PMO) and soluble butane monooxygenase (sBMO), 
played important roles in the numerous degradation pathways of polychlorinated or 




contains the genes encoding taurine dioxygenase (TauD), flavin reductase (SsuE), and 
alkanesulfonate monooxygenase (SsuD).53 Several Rhodococcus strains were reported to 
cleave C-S bond of sulfonates to supply sulfur for bacterial growth, including RHA1.53 
 
2.3.2. Pseudomonas oleovorans 
Pseudomonas oleovorans (referred as P. ole hereafter) is a gram-negative strain 
isolated from soil in 1963.54 P. ole is able to use various C6-C12 linear alkanes or alkenes 
as the sole carbon and energy sources on account of possessing an OCT plasmid, which 
encodes a complex of monooxygenases.55 The OCT plasmid consists the alkBAC operon 
and the alkR regulatory region. The alkBAC operon encodes alkane hydroxylase (a three-
component monooxygenase adding one oxygen atom to a substrate), alkanol 
dehydrogenases and aldehyde dehydrogenases.56, 57 These enzymes allow P. ole to 
oxidize alkanes to alkanols, alkanals and alkanoic acids.  
Pseudomonas oleovorans was reported to successfully covert 6:2 FTUCA, 
intermediate biostransformed product of 6:2 FTOH, to 5:2 ketone through a major 
degradation pathway and to 5:3 FTUA through a minor degradation pathway.32 
 
2.4. Microbial desulfonation 
Sulfur is essential for all living organisms, since it is required in the composition 
of amino acids cysteine and methionine.  It is also an important constituent of vitamins 
(biotin and thiamine) and various enzyme cofactors such as coenzyme A, thioredoxin, 




can derive sulfur from different sulfur sources, including inorganic sulfate, sulfite, 
cysteine, thiosulfate, and thiocyanate.34, 58-60 However, the preferred sulfur source is 
species dependent.   
Sulfonates, with general formula R-C-SO3-, are chemically stable compounds. 
They are common xenobiotics in the environment.34, 61 The naturally occurring 
sulfonates were considered to be relatively few in number, though often in significant 
contributions to the global biogeochemical sulfur cycle.61 When the preferred forms of 
sulfur element are not available, many bacterial species can utilize organosulfur 
compounds including sulfate esters and sulfonates as sulfur supply.58, 60  
 
2.4.1. Bacterial responses to sulfur limitation 
A number of “sulfate starvation-induced proteins” (SSI proteins), involved in the 
uptake and desulfurization of sulfonates and sulfate esters, has been found in several 
Gram-positive and Gram-negative species, such as Escherichia coli, Pseudomonas 
aeruginosa, and Rhodococcus sp. SY1.60, 62, 63 However, many of these enzyme systems 
involved in organosulfur assimilation have been reported to be subject to negative 
regulation by the presence of sulfate and cysteine.59 Bacteria synthesize SSI proteins for 
adaptation to sulfur-limiting conditions only when cells are starved of preferred sulfur 
sources. This sulfate starvation response is essential for bacteria to survive in the natural 
environment.58  
The mechanism and genes involved in organosulfur metabolism have been 




aeruginosa, and Pseudomonas putida.34, 58 Many studies have shown that aerobic 
bacteria liberate sulfite from sulfonates by using oxygenases. Two main enzymatic 
desulfonation routes have been characterized, an α-ketoglutarate-dependent dioxygenase 
pathway that is active with taurine and alkanesulfonates, and an FMNH2-dependent 
monooxygenase system that catalyzes the desulfonation of a range of aliphatic sulfonates 
(Fig. 2.3).34-36 Both systems employ ABC-type transporters involved in the cellular 
uptake of taurine or alkanesulfonates. These two enzymatic pathways work in parallel to 
ensure that the bacterial cell has sufficient sulfur for biosynthetic processes.64 
 
 






2.4.2. Taurine dioxygenase 
The taurine dioxygenase (TauD) is a nonheme iron(II) and α-ketoglutarate (αKG) 
dependent dioxygenase, which was identified during screening for Escherichia coli 
proteins.65 The synthesis of TauD was expressed during growth with alkanesulfonates 
under sulfur-limiting condition, but repressed in the presence of sulfate.34, 59 TauD 
converts taurine to sulfite and aminoacetaldehyde in the presence of oxygen, αKG, and 
Fe(II) as illustrated in Fig. 2.4.66, 67 
 
Figure 2.4. Mechanism for taurine desulfonation by taurine dioxygenase TauD.67 Reprinted from 
[67]. 
 
The reaction consumes equimolar amounts of oxygen and αKG. Ferrous iron is 
indispensable for activity and ascorbate leads to a 50% enhance of the activity.25 Taurine 
dioxygenases transfer both oxygen atoms to organic acceptor molecules.34 One oxygen 




intermediates, which is unstable and spontaneously decomposes to yield final 
products,66, 67 the other is transferred to the cosubstrate αKG, which is consequently 
converted to succinate and carbon dioxide.34 Taurine is the preferred substrate by TauD, 
but pentanesulfonate, MOPS (3-(N-morpholino)propanesulfonic acid), butanesulfonate, 
and 1,3-dioxo-2-isoindolineethanesulfonic acid also can be desulfonated by TauD at 
significant rates.25  
 
2.4.3. Two-component alkanesulfonate monooxygenase system 
The two-component alkanesulfonate monooxygenase system enables bacteria to 
utilize diverse alkanesulfonates as alternative sulfur sources.68 This system comprises of 
a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent flavin 
mononucleotide (FMN) reductase, SsuE, and an FMNH2-dependent alkanesulfonate 
monooxygenase, SsuD.34, 69 Unlike a traditional flavin monooxygenase, SsuD is only 
involved in the oxidative half-reaction, instead of both oxidative and reductive half-
reactions occurring on the same enzyme.68 In the overall reaction, SsuE catalyzes the 
reduction of FMN directly by NADPH to form reduced flavin FMNH2 which is 
subsequently transferred to SsuD (Fig. 2.5).36 The FMNH2 binds to SsuD enzyme and 
activates molecular oxygen to form a C4a-(hydro)peroxyflavin intermediate (FMNO-). 
The C4a-(hydro)peroxyflavin performs a nucleophilic attack on the sulfur atom of the 
alkanesulfonate substrate followed by a Baeyer-Villiger rearrangement leading to the 
cleavage of the carbon-sulfur bond, releasing corresponding aldehyde and sulfite.68, 70 






Figure 2.5. Mechanism of desulfonation by two-component alkanesulfonate monooxygenase 
system.36 Reprinted from [36]. 
 
It appears that the SsuE is not an essential part in the catalyzation of 
desulfonation; its role is limited to providing FMNH2 for the SsuD.34 SsuD or SsuD-like 
enzymes haven been widely found in many bacterial strains such as Bacillus subtilis, 
Pseudomonas strains, and Corynebacterium glutamicum.37, 62, 72 Similar to TauD, the 
expression of the ssu gene is repressed in the presence of inorganic sulfate, sulfite, 
sulfide, or cysteine.34 Numerous sulfonates have been successfully desulfurized by two-
component alkanesulfonate monooxygenase system including propanesulfonate, 
octanesulfonate, N-Phenyltaurine, Phenyl-1-butanesulfonate, hexanesulfonate, HEPES 
(4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid), MOPS (3-(N-morpholino)-










3. MATERIALS AND METHODS 
 
3.1. Chemicals 
1H, 1H, 2H, 2H-Perfluorooctanesulfonic acid (6:2 FTS, CAS# 27619-97-2, 98% 
pure) was purchased from Synquest Laboratories (Alachua, FL). Riboflavin 5′-
monophosphate sodium salt (FMN, 93% pure) and 1-butanol (99.4% pure) were 
purchased from Fisher Scientific (Fair Lawn, NJ). Glycerol, n-octane (97% pure), and 
iron (II) chloride tetrahydrate were from Acros Organics (Geel, Belgium). Ellman’s 
reagent (5,5'-Dithiobis (2-nitrobenzoic acid)), taurine, and acetonitrile (99.8% pure, 
HPLC grade) were purchased from Alfa Aesar (Ward Hill, MA). Ethanesulfonic acid 
sodium salt monohydrate (97% pure), NADPH tetrasodium salt, and α-ketoglutaric acid 
disodium salt dehydrate (98% pure) were purchased from Sigma-Aldrich (St. Louis, 
MO). Sodium ascorbate, isopropyl-β-D-1-thiogalactopyranoside (IPTG) and FastDNA 
Kit were purchased from MP Biomedicals (Santa Ana, CA). 6:2 FTS was prepared in 
absolute ethanol as a stock solution with a final concentration 5 g/L.  
 
3.2. Isolation and characterization of 6:2 FTS-degrading bacteria 
3.2.1. Isolation of bacteria 
Bacteria capable of utilizing 6:2 FTS as a sole sulfur source were isolated from 
rhizosphere soils contaminated with detergent from car wash outlets in Bryan, Texas. 
Five grams of soil samples were inoculated into 250 mL Erlenmeyer flasks containing 




ethanesulfonic acid sodium salt as sole sulfur source. The sulfur-free basal salts medium 
was prepared with the following ingredients (grams per liter): K2HPO4, 3.5; KH2PO4, 
1.5; NH4Cl, 0.5; MgCl2 • 6H2O, 0.15; and NaCl, 0.62. The medium also contained the 
following trace elements (grams per liter): FeCl3 • 6H2O, 0.24; CoCl2 • 6H2O, 0.04; 
CuCl2 • H2O, 0.041; MnCl2 • 4H2O, 0.03; ZnCl2, 0.147; and Na2MoO4 • 2H2O, 0.03.  
The cultures were incubated at 30°C with constant shaking in at 150 rpm. After 7 
days, one milliliter of enrichment was subcultured to 50 mL fresh sulfur-free basal 
medium. Following four times of weekly subcultures, the sulfur source was switched to 
100 ppm 6:2 FTS (final concentration) and carbon source switched to 2% ethanol (v/v).  
Ethanol was used because 6:2 FTS stock solution was prepared in ethanol. After three 
weekly subcultures, 1 mL liquid culture was taken from the final enrichment flask, 
serially diluted, and transferred to sulfur-free basal medium agar plate containing 100 
ppm 6:2 FTS and 2% ethanol. The strains were subsequently isolated by routinely 
streaking on sulfur-free basal salt medium agar plate to purity. The pure cultures were 
preliminarily screened for their ability to grow on 6:2 FTS as a sole sulfur source. 
 
3.2.2. Defluorination and biotransfomation of 6:2 FTS by bacterial isolates 
Three 6:2 FTS-utilizing isolates were selected for the defluorination screening. A 
single colony of each isolate was inoculated into 120 mL serum bottle containing 15 mL 
sulfur-free basal medium with the addition of 40 µM 6:2 FTS as sole sulfur source and 
0.3% ethanol. The 120-mL glass bottles were sealed with butyl rubber septa and crimped 




were in duplicate. The bottles were incubated on a shaker at 150 rpm in a 30°C dark 
room. The bottles were sacrificed over different time points: 0, 1, 3, 5 and 10 d for 6:2 
FTS biotransformation analysis and fluoride release analysis.  
 
3.2.3. Sampling and sample preparation procedures 
At sampling time, prior to SPE extraction, an air pump (2.6 L min-1 rated flow 
rate) was used to purge the headspace for 3 min to capture volatile transformation 
products into the C18 cartridges. The C18 cartridges were subsequently removed and 
eluted with 5 mL acetonitrile into 10 mL glass vials. The spent septa from each bottle 
was placed into a new glass bottle and extracted with 5 mL acetonitrile for 2-3 days at 50 
°C.20, 21, 32 SPE cartridges (Oasis Wax® 200 mg/6 mL; Waters Corporation, Milford, 
MA) were used to extract samples according to previously described SPE clean up 
procedures with some modifications.15, 74, 75 The cartridges were conditioned using 5 mL 
of methanol with 0.1% (v/v) NH4OH, 5 mL of methanol and 5 mL of water and dried 
completely under vacuum. The non-filtered water samples were passed through 
cartridges at a flow rate of 3-4 mL/min. The analytes were eluted with 1 mL of 
methanol, 4 mL of methanol with 0.1% NH4OH and then 2 mL of 70:30 
dichloromethane:isopropanol with 0.1% NH4OH. The extract from the spent septa was 
pooled together with the extract from the SPE eluent. The combined extract was 
evaporated to dryness under a gentle stream of nitrogen and the residue reconstituted in 





3.2.4. HPLC/MS analysis 
To quantify 6:2 FTS in liquid samples, HPLC/MS analysis was performed using 
a High-Performance Liquid Chromatography (HPLC, Agilent 1290 Infinity II) / Triple 
Quadrupole Mass Spectrometer (QqQ-MS, Agilent 6470) equipped with a Jet Stream 
electrospray ionization (ESI) source. Briefly, 10µL of samples were injected and then 
separated by an Agilent ZORBAX Eclipse Plus C-18 narrow bore (2.1mm×100mm, 
1.8µm) HPLC column maintained at 50°C. HPLC flow rate was 0.4 mL/min. 
Chromatographic separation was achieved on a Solvent A (5mM ammonium acetate in 
water), and Solvent B (95% MeOH and 5% water with 5mM ammonium acetate). The 
separation gradient method used was: 0-0.5 min (holding at 10% B), 0.6-2 min (10% B 
to 30% B), 2.1-14 min (30% B to 95% B), 14.1-14.5 min (95 % B to 100 % B), 14.6 to 
16.5 min (holding at 100% B), and then stabilize column at 10% B for 6 min before the 
next injection. The MS parameters were optimized for 6:2 FTS under direct infusion at 
0.4 mL/min to identify the MRM transitions (precursor/product fragment ion pair). 
Sample acquisition and analysis were performed with MassHunter B.08.02 (Agilent). 
 
3.2.5. Taxonomic characterization of isolated bacteria 
Phylogenetic identification of the isolate was performed by 16S rRNA gene 
analysis. Cells were grown in 25 mL nutrient broth at 30°C overnight and harvested by 
centrifugation at 10,000 g for 10 min. Genomic DNA was extracted using the FastDNA 
Kit. The 16S rRNA gene was amplified by PCR with universal primers 27F (5’-AGA 




3’). The PCR program consisted of initial denaturation 95°C for 10 min, followed by 30 
cycles each of 95°C for 1 min, 53°C for 1 min, 72°C for 40 s; 72°C for 10 min; and 4°C 
for 10 min. The PCR product was run on agarose gel and purified by using a QIAquick 
PCR Purification Kit (Qiagen). 16S rRNA gene sequencing of the isolate was carried out 
by Eton Bioscience, Inc. Sequences were compared to known 16S rRNA gene sequences 
in the NCBI database using the BLAST program and aligned using the ClustalW 
program. A phylogenetic tree (neighbor-joining method) was constructed using the 
MEGA7 software with 1000 bootstraps. 
 
3.3. Biodefluorination of 6:2 FTS by pure strains 
In this study, the effects of different growth substrates (1-butanol, ethanol, 
taurine, n-octane) on 6:2 FTS degradation potential of strains Rhodococcus jostii RHA1, 
Pseudomonas oleovorans as well as the 6:2 FTS-degrading isolate, named as 
Pseudomonas SYC, were investigated. The biodegradation potential of each strain 
grown under different growth conditions was evaluated in terms of the degree of 
defluorination.  
 
3.3.1. Bacterial strains and growth conditions 
Rhodococcus jostii RHA1 was grown in AMS medium51 with ethanol (0.3%, v/v) 
to an optical density OD600 of 0.5-0.7 before harvested for experimental use. The cells 
were centrifuged at 10,000 g for 20 min, and then the pellet was washed and 




of Pseudomonas oleovorans and Pseudomonas SYC were prepared similarly to 
Rhodococcus jostii RHA1, except that Pseudomonas oleovorans was pregrown in AMS 
medium with 5% n-octane. 
 
3.3.2. 6:2 FTS defluorination with different growth substrates 
Experiments for determining 6:2 FTS defluorination degree were performed in a 
series of 120-mL glass serum bottles containing cell suspension (15 mL), 6:2 FTS (40 
µM final concentration) and one type of carbon source (referred as DF batch hereafter). 
To remove the solvent ethanol from 6:2 FTS stock solution, 51.5 µL of 6:2 FTS stock 
solution (5 g/L) was spiked into each serum bottle and put in a biosafety cabinet 
overnight to evaporate ethanol. 15 mL sulfur-free basal salt medium were added into 
each serum bottle supplement with one type of carbon source to bring the initial 
concentration of carbon to 110-120 mM. 200 µL of pre-grown cultures were spiked to 
each serum bottle at time 0. Butyl rubber septum and aluminum cap were used to seal 
each bottle. The effect of carbon source on 6:2 FTS biotransformation by Rhodococcus 
jostii RHA1 was tested with 1-butanol, ethanol, taurine. Pseudomonas oleovorans was 
tested with n-octane, ethanol, taurine. Pseudomonas SYC was tested with 1-butanol, 
ethanol, and taurine. Sulfur-contained controls were also used to ensure study integrity. 
The sulfur-contained basal salt medium recipe was prepared by replacing NH4Cl, MgCl2, 
and NaCl to (NH4)2SO4, MgSO4, and Na2SO4 with the same molar concentration of 
cation. The sulfur-contained controls were set up using sulfur-contained basal medium 




used to monitor the optical density (OD600) change with time (referred as OD batch 
hereafter). All samples and controls were in duplicate. The serum bottles were incubated 
on a shaker at 150 rpm in a 30°C dark room. The DF batch samples were sacrificed over 
time points according to the parallel OD batch measurement result: early exponential 
phase, the middle of exponential phase, and stationary phase.  
 
3.3.3. Fluoride measurement 
As 6:2 FTS is a polyfluorinated compound, the amount of fluoride released from 
6:2 FTS biodegradation can be used to assess the degree of defluorination. The fluoride 
concentration of DF batch at each sampling time was measured after extracting volatile 
metabolites. The aqueous samples were first centrifuged at 13,000 rpm for 5 min and 
filtered through a 0.45 µm-pore size filter to remove the cell debris before measurement. 
The fluoride ion concentrations were determined using an Orion 96-09BNWP ion-
selective electrode (Thermo Scientific, Beverly, MA) following the manufacturer’s 
protocol. Fluoride standard solutions, ranging from 25-2500 ppb, were prepared by 
diluting a certified fluoride standard solution (100 mg/L, Thermo Scientific, Beverly, 
MA) in the corresponding TISAB II solution. Readings were recorded as milivolts and 
plotted against known fluoride concentrations to develop a linear standard calibration 
curve. The detection limit of fluoride concentration is 25 ppb. Defluorination of 6:2 FTS 










3.4. Assessment of desulfonation of 6:2 FTS by desulfonating enzymes  
To examine if desulfonating enzymes are able to desulfonate 6:2 FTS, the taurine 
dioxygenase gene (tauD) and alkanesulfonate monooxygenase gene (ssuD and ssuE) 
genes of Rhodococcus jostii RHA1were identified from its whole genomic DNA in 
NCBI database.   The genes encoding SsuD, SsuE, and TauD were overexpressed from 
pET11a in E. coli BL21(DE3) cells. Primers were designed based on DNA sequence of 
RHA1 published in NCBI. The successful amplification of ssuD, ssuE and tauD genes 
were checked by agarose gel. The PCR products were extracted using the QIAquick 
PCR Purification Kit for subsequent cloning. 
 
3.4.1. Construction of expression plasmids 
The cloning of tauD, ssuD and ssuE into expression vectors was performed in 
following steps. Gene tauD was PCR-amplified using the primers tauD-FW (5’-TAA 
GGA CAT ATG ATG AGC ACT GCA TTC GAA ACC AG-3’) and tauD-RV (5’- TTA 
TTT GCT AGC CTA CTG CGG GCC GAC GG-3’) which engineered to introduce 
restriction sites NdeI and NheI overhangs. In the second step, the T7 RNA polymerase-
dependent expression vector pET11a and PCR product of tauD were purified with the 
QIAquick PCR Purification Kit, and digested by restriction enzymes NdeI and NheI in 
37°C water bath for 3 hours and 1 hour, respectively. The digest DNA was isolated by 
agarose gel running and purification. The resulting insert and truncated vector were 
fused by DNA ligation (Fig. 3.1). A negative control was set up for the background of 




into NEB 5-α competent E. coli cells. The transformants were selected on LB (Luria-
Bertani) medium agar plates containing 100 ppm ampicillin. Four colonies were selected 
on each plate and inoculated into 5 mL LB broth containing 100 ppm ampicillin, and 
incubated overnight at 37 °C with constant shaking (150 rpm). DNA was subsequently 
purified and diagnosed with restriction digest with enzymes NotI-HF and HpaI and 
agarose gel running.  
 
 
Figure 3.1. Map of constructed recombinant plasmid pET11a-tauD. 
 
The procedure for the construction of ssuD and ssuE expression plasmids were 
similar to the plasmid construction for tauD with the following exceptions (Fig. 3.2). 
The gene ssuD was PCR-amplified using the primers ssuD-FW (5’-TAA GGA CAT 
ATG ATG AGC ATC GAC TTC TAC TGG C-3’) and ssuD-RV (5’- TTA TTT GCT 
AGC TCA CAG CAG GTC CTG TCC G-3’). The oligonucleotide primers used to PCR-




AAC GTT CTC G-3’) and ssuE-RV (5’- TTA TTT GCT AGC TCA GGC GTC GAC 
GAG CTG-3’). After transformation to NEB 5-α competent E. coli cells, the purified 
DNA of pET11a-ssuE plasmid was diagnosed with restriction digest with enzymes XhoI 
and HpaI. 
 
          
Figure 3.2. Map of constructed recombinant plasmids pET11a-ssuD and pET11a-ssuE. 
 
DNA vectors containing representative clones were submitted for sequence 
analysis at Eton Bioscience Sequencing. Confirmed that no mutations had been 
introduced into ssuD, ssuE, or tauD genes during PCR amplification or ligation, the 
expression plasmids were transformed to E. coli strain BL21(DE3) for subsequent 
overexpression, respectively. 
 
3.4.2. Protein expression 
For the production of TauD, a single colony of E. coli BL21(DE3) containing the 




with 100 ppm ampicillin, which was incubated overnight at 37 °C. A 20-25% inoculum 
of the 10 mL culture was used to inoculate 200 mL LB-Amp media, which was 
incubated 2 hours at 37 °C. To minimize the formation of inclusion bodies, which were 
observed when protein production was carried out at 30°C and 37 °C, cultures grown to 
an OD600 of 0.3-0.4 were cooled to 18 °C before induction. When the OD600 value 
reached 0.4-0.5, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 
concentration of 0.4 mM to induce the overexpression of TauD. The incubation was 
continued for 9.5 hours at 18 °C with constant shaking (150 rpm). Cells were harvested 
by centrifugation at 10,000 g for 10 min at 4 °C, washed in an excess of 25 mM Tris 
buffer, pH 8.0, and stored at -80°C as frozen pellets until further use. For the preparation 
of cell-free extracts, cells from 50 mL growth were resuspended in 2 mL TE buffer (25 
mM Tris buffer, pH 8.0, and 1mM EDTA) containing 20% glycerol and sonicated. After 
centrifugation at 24,000 g for 1 hour, the supernatant was collected and stored at -80°C 
in 800 µL aliquots until further use. The procedure for the overexpression of SsuD and 
SsuE proteins were similar to the overexpression of TauD except that SsuD was induced 
at 4 °C for 3 days. The lysis buffer of SsuD and SsuE was 25mM potassium phosphate 
buffer (pH 7.5) with 10% glycerol. 
 
3.4.3. Enzyme activity assay 
The concentrations of total cellular proteins in the crude cell extracts were 
determined using a Pierce BCA protein assay kit (ThermoFisher Scientific, Waltham, 




Taurine dioxygenase (TauD) activity assay was performed by using Ellman’s 
reagent (5,5’-dithiobis(2-nitrobenzoic acid)), which produces a bright yellow color upon 
reaction with sulfite25. Reaction was initiated by the addition of TauD crude enzyme to a 
reaction mixture containing 500 mM taurine, 1 mM αKG, 100 µM FeCl2 (freshly made), 
200 µM sodium ascorbate in 10 mM imidazole buffer, pH 6.9, at 30 °C for 3 minutes. 
The assay was stopped by the addition of 500 µL sample to a cuvette containing 400 µL 
urea (4.3 M) and 100 µL Ellman’s reagent (1 mg/mL in 100 mM sodium phosphate 
buffer, pH 7.0). The colorimetric reaction was allowed to develop at room temperature 
for 2-3 min and the absorbance was measured at 412 nm. A linear calibration curve of 
sulfite was developed from fresh sodium sulfite in deionized water, ranging from 50 to 
500 µM. An assay mixture without taurine was used as a blank. One unit of activity is 
defined as the amount of enzyme forming 1 µmol of sulfite per minute at 30 °C.  
Alkanesulfonate reductase (SsuE) activity assay was carried out by monitoring 
the absorbance decrease at 340 nm due to the oxidation of NADPH. The reaction was 
started by the addition of SsuE enzyme (0.01 µM) to an assay mixture (1 mL) containing 
500 µM NADPH, 3 µM Flavin mononucleotide (FMN) in 25 mM Tris buffer. An assay 
mixture without sulfonate was used as a blank. One unit of activity is defined as the 
amount of enzyme oxidizing 1 µmol of NADPH per minute at 30 °C. 
Alkanesulfonate monooxygenase (SsuD) activity was assayed with Ellman’s 
reagent. The assay mixture (1.5 mL) contained 500 µM NADPH, 3 µM FMN, 500 µM 
hexanesulfonic acid sodium salt, with SsuD to SsuE at a molar ratio of 1:3 in 25 mM 




mixture and was stirred on a magnetic stirrer at 30 °C for 3 minutes. The sulfite 
production was determined after the addition of 100 µL Ellman’s reagent (1 mg/mL in 
100 mM sodium phosphate buffer, pH 7.0). The colorimetric reaction was allowed to 
develop at room temperature for 2 min and the absorbance was measured at 412 nm. 
One unit of activity is defined as the amount of enzyme forming 1 µmol of sulfite per 
minute at 30 °C. 
 
3.4.4. Desulfonation of 6:2 FTS by overexpressed enzymes 
Desulfonation of 6:2 FTS by overexpressed taurine dioxygenase (TauD) was 
assayed by determining the amount of sulfite release during 2 hours of incubation at 30 
°C. The reaction mixture contained 500 µM 6:2 FTS, 1 mM αKG, 100 µM FeCl2 (freshly 
made), 200 µM sodium ascorbate in 10 mM imidazole buffer, pH 6.9. After 2-hour of 
incubation, the sulfite release was confirmed by the colorimetric assay as described 
above and quantified by using ion chromatography (Dionex IonPacTM AS19-4µm) 
(Thermo Scientific, Beverly, MA). 
Desulfonation of 6:2 FTS by overexpressed alkanesulfonate reductase and 
monooxygenase (SsuE and SsuD) was carried out in a reaction mixture containing 500 
µM 6:2 FTS, 500 µM NADPH, 3 µM FMN, SsuD to SsuE at a ratio of 1:3 in 25 mM 
Tris buffer. The reaction mixture was stirred on a magnetic stirrer at 30 °C for 2 hours. 
The sulfite release was confirmed by the colorimetric assay as described above and 




4. RESULTS AND DISCUSSION 
 
4.1. Identification and characteristics of a 6:2 FTS-degrading strain, Pseudomonas 
SYC  
A total of nine pure isolates were screened for the ability to grow on sulfur-free 
basal medium agar plate containing 6:2 FTS as the sole sulfur source. However, only 
three strains (named as No. 7, No. 11, and SYC) were able to utilize 6:2 FTS as the sole 
sulfur source in the liquid basal medium and produce significant biomass. Analysis of 
16S rRNA gene sequences clearly demonstrated that isolates No. 7 and No. 11 are 
members of Cupriavidus species. SYC showed 96-99% sequence similarities to a 
number of Pseudomonas species. Out of the three isolates, neither Cupriavidus strain 
was capable of defluorinating 6:2 FTS after 10-day incubations at 30 °C at 150 rpm. It is 
likely due to both Cupriavidus strains lacking enzymes that can further transform and 
defluorinate 6:2 FTS. In contrast, isolate SYC exhibited high capability in defluorinating 
6:2 FTS with nearly 0.9 mol F- release / mol 6:2 FTS after 10-day incubation (Fig. 4.1). 
Therefore, isolate SYC was selected for further study on the basis of the extent of 
growth and defluorination potential, and designated strain Pseudomonas SYC. 
Over 97% of 6:2 FTS was declined quickly after 24-hr incubation at 30 °C with a 
single colony inocula of Pseudomonas SYC in sulfur-free basal medium (Fig. 4.1). 
Meanwhile, the free fluoride concentration detected in the medium increased with time. 
This could be explained by the transformation of 6:2 FTS into less-fluorinated 




even though 6:2 FTS was no longer detected after day 3. This indicates a slow 
transformation of 6:2 FTS metabolites with fluoride being released. A control was also 
included using an uninoculated medium for which degradation was not observed within 
the same period of time.  
 
 
Figure 4.1. Time course of biotransformation and defluorination of 6:2 FTS by the isolate strain 
Pseudomonas SYC. (A) 6:2 FTS biotransformation by strain SYC; 6:2 FTS was quantified with 
HPLC/MS, (B) 6:2 FTS defluorination by strain SYC; free fluoride was quantified with ion 
selective electrode. 
 
A phylogenetic tree was constructed by alignment of 16S rRNA sequence of 
Pseudomonas SYC with strains having over 96% similarities based on the BLAST 
results. A relatively high bootstrap value (97%) linked strain Pseudomonas SYC to 
Pseudomonas nitroreducens NCBR 12694 (Fig. 4.2), indicating a strong phylogenetic 





Figure 4.2. A phylogenetic tree showing relative relationship between strain SYC and related 
Pseudomonas species. The phylogenetic tree was constructed using neighbor-joining method. 
Evolutionary distances were computed using the maximum composite likelihood method and are 
given in units of the number of base substitutions per site. Bootstrap support values from 1000 
replicates are indicated at branch nodes. NCBI nucleotide accession numbers for each sequence 
are included in parentheses. An asterisk identifies the isolate 6:2 FTS-degrading strain.  
 
Strain SYC has 97% similarity to a 6:2 FTOH degrader Pseudomonas 
oleovorans,32 indicating a substantial relationship between SYC and this 6:2 FTOH-
degrading strain. In addition, SYC has 97% and 96% homology to Pseudomonas 
aeruginosa and Pseudomonas putida, respectively, which were capable of desulfurizing 
a broad range of aromatic sulfonates.34, 37 It is not surprising to observe the high 
homology of strain SYC to known desulfonating strains, since desulfonation is a 
presumable essential step in 6:2 FTS degradation. Interestingly, strains that have over 




taurine dioxygenase gene (tauD) or both, suggesting that these two genes are likely to 
code enzymes responsible for the desulfonation of 6:2 FTS. 
 
4.2. Factors affecting 6:2 FTS biodefluorination by pure strains 
Since 6:2 FTS is structurally similar to 6:2 FTOH, experiments were conducted 
to determine if 6:2-FTOH degrading strains, Rhodococcus jostii RHA1 and 
Pseudomonas oleovorans, could degrade 6:2 FTS. As environment matrices contain a 
wide range of complex nutrients that are readily available for microbial growth, it is 
important to know whether 6:2 FTS-degrading strains would retain its ability to degrade 
6:2 FTS when being provided with relatively more accessible sulfur source, such as 
sulfate. 
To determine the effects of nutrients on 6:2 FTS defluorination by strain 
Rhodococcus jostii RHA1, Pseudomonas oleovorans, and isolate Pseudomonas SYC, 
the strains was initially grown in sulfate-contained medium without 6:2 FTS overnight 
as inoculum at time 0. When 6:2 FTS and sulfate were both present in the growth 
medium, all three strains lost their defluorination abilities toward 6:2 FTS. However, 
when 6:2 FTS was supplied as sole sulfur source with appropriate carbon source being 
provided, the strains were able to defluorinate 6:2 FTS starting as early as at the 







4.2.1. Biodefluorination of 6:2 FTS by Rhodococcus jostii RHA1 
As 6:2 FTS is a polyfluorinated compound, the amount of fluoride released from 
6:2 FTS biodegradation was assessed for the degree of biodefluorination. Free fluoride 
was detected at early exponential phase (OD600~0.2) with 0.15 mol F- by ethanol-grown 
RHA1 and 0.07 mol F- by butanol-grown RHA1 under sulfur free conditions (Fig. 4.3). 
With the generation of over 1.2 mol F- out of 1 mol 6:2 FTS after 7-day incubation, it is 
apparent that 6:2 FTS was utilized as sole sulfur source and converted to transformed 
products by ethanol-grown or butanol-grown RHA1. However, no free fluoride was 
detected by taurine-grown RHA1 under sulfur-limiting condition. A possible reason is 
that ethanol and butanol could serve as inducers of defluorinating enzyme, presumably 
alcohol dehydrogenase (ADH)76 and soluble butane monooxygenase (sBMO),51 
respectively. In contrast, taurine was likely only served as carbon source, but not as an 
inducer of any defluorinating enzyme. Not surprisingly, there was no observation of 
fluoride release when sulfate was present in the medium, although RHA1 was incubated 
with ethanol as an inducer of defluorinating enzyme. These results indicate that 6:2 FTS 
needs to be desulfonated first for further defluorination to occur. The presence of sulfate 
in the medium might repress the expression of enzymes for sulfur removal from 6:2 
FTS, which is in consistent with the characteristics of reported desulfonating enzymes: 








Figure 4.3. Rhodococcus jostii RHA1 growth curve and time course of 6:2 FTS defluorination. 
(A) growth curve of RHA1 with different substrates (measured with spectrophotometer), (B) 
fluoride released by RHA1 under different growth conditions (measured with ion selective 
electrode). 
 
Even though RHA1 can defluorinate 6:2 FTS, the bacterium cannot grow on 6:2 
FTS as the sole carbon source. Currently, no information is available regarding 6:2 FTS 
biotransformation pathways and potential transformation products. Based on the 
amounts of fluoride released, 6:2 FTS was biodefluorinated extensively under sulfur-
limiting conditions when ethanol or butanol supplied as carbon source as well as 6:2 
FTS served as the sole sulfur source. 
 
4.2.2. Biodefluorination of 6:2 FTS by Pseudomonas oleovorans 
Pseudomonas oleovoarns showed ability to defluorinate 6:2 FTS in the presence 
of ethanol and n-octane when 6:2 FTS was provided as sole sulfur source. Around 0.08 
mol of free fluoride was detected at early exponential phase (OD600~0.14) by ethanol-
grown P. ole under sulfur free condition (Fig. 4.4). In contrast, there was no observation 




of exponential phase. At stationary phase, ethanol-grown P. ole defluorinated 
approximately 0.9 mol F- and octane-grown P. ole defluorinated around 0.8 mol F-. The 
reasons why there were differences at the time point for defluorination start to occur by 
ethanol-grown P. ole and octane-grown P. ole were unclear. It’s possible that the 
supplies of ethanol and n-octane induced expressions of different enzymes, presumably 
alcohol dehydrogenase (ADH) and alkane monooxygenase,33 respectively. As a result, 
the different downstream biotransformation mechanisms might be performed. Although 
containing tauD gene, P. ole didn't show significantly active growth when taurine was 
provided as sole carbon source. It might be due to lack of enzymes that could 
subsequently transform aminoacetaldehyde (converted from taurine after desulfonation) 
to an available form of carbon source for P. ole to utilize. 
 
 
Figure 4.4. Pseudomonas oleovorans growth curve and time course of 6:2 FTS defluorination. 
(A) growth curve of P. ole with different substrates (measured with spectrophotometer), (B) 







4.2.3. Biodefluorination of 6:2 FTS by Pseudomonas SYC 
The biodefluorination by Pseudomonas SYC under different growth conditions 
was similar to that of RHA1 but with lower extent. Free fluoride was detected at early 
exponential phase (OD600~0.1) with 0.09 mol F- by ethanol-grown SYC under sulfur-
limiting condition (Fig. 4.5). Ethanol-grown and butanol-grown SYC released 
approximately 0.7 mol F- out of 1 mol 6:2 FTS after 7-day incubation. No free fluoride 
was detected by taurine-grown SYC under sulfur-free condition, nor by ethanol-grown 
SYC in the presence of sulfate in the medium. The reasons of different levels performed 
in the amount of fluoride released by strain RHA1 and SYC were not known. It is 
possible that these strains have different susceptibility to biotransformed product toxicity 
of 6:2 FTS. 
 
 
Figure 4.5. Pseudomonas SYC growth curve and time course of 6:2 FTS defluorination. (A) 
growth curve of SYC with different substrates (measured with spectrophotometer), (B) fluoride 







4.3. Desulfonation of 6:2 FTS by enzymes 
4.3.1. Relationships of putative desulfonating bacteria 
The sequences of sulfur-specific metabolic genes (ssuD and tauD) of 
Rhodococcus jostii RHA1, Pseudomonas oleovorans, and putative desulfonating 
bacteria were searched in the NCBI database using the BLAST program and aligned 
using the ClustalW program. 
A neighbor-joining tree of ssuD genes (Fig. 4.6) showed that the ssuD sequence 
of P. ole tended to cluster with that of Gordonia sp. NB4-1Y, a reported 6:2 FTS 
degrading strain. The ssuD gene of RHA1 has relatively close relationship with that of 
NB4-1Y compared to the others.  
 
Figure 4.6. Neighbor-joining tree illustrating the relationships of ssuD genes of putative 
desulfonating bacteria. Evolutionary distances were computed using the maximum composite 
likelihood method and are given in units of the number of base substitutions per site. Bootstrap 
support is shown at each node as a percentage, based on 1000 resampled datasets. NCBI 





Similarly, the neighbor-joining tree of tauD gene was also generated (Fig. 4.7). 
The tauD gene of P. ole has relatively close relationship with that of NB4-1Y. In 
contrast, the relationship of tauD genes between RHA1 and NB4-1Y is relatively 
distanced.  
 
Figure 4.7. Neighbor-joining tree illustrating the relationships of tauD genes of putative 
desulfonating bacteria. Evolutionary distances were computed using the maximum composite 
likelihood method and are given in units of the number of base substitutions per site. Bootstrap 
support is shown at each node as a percentage, based on 1000 resampled datasets. NCBI 
nucleotide accession numbers for each sequence are included in parentheses. 
 
The strains selected for the generation of ssuD gene and tauD gene trees are 
either reported to have desulfurized sulfonates, or strains that have 99% homology to the 
isolate SYC. Pseudomonas aeruginosa PAO1 and Pseudomonas putida S-313 are 
known of ability to desulfurize a wide range of aromatic sulfonates. The organosulfur 
metabolism in Escherichia coli and Bacillus subtilis have been well studied. Klebsiella 




able to utilized a number of sulfonates and sulfonate esters as sulfur sources. The close 
relationships of ssuD and tauD genes of RHA1, P. ole, and strains with 99% homology 
to SYC with those of the reported desulfonating strains indicated that ssuD and tauD 
might play important roles in the desulfonation of 6:2 FTS. 
 
4.3.2. Cloning and overexpression of desulfonating enzymes in E. coli 
ssuD, ssuE and tauD genes were cloned and expressed for the examine of the 
capability of 6:2 FTS desulfonation. The amplifications of target genes were confirmed 
by running agarose gel. The band of 1.2 kilobase pairs (kb) for ssuD, 0.6 kb for ssuE, 
and 0.9 kb for tauD were observed (Fig. A1 in appendix). The digested unique DNA 
fragment size (listed in Table. A1 in appendix) on the agarose gel (Fig. A2 in appendix) 
indicated the successful ligation of each target gene with pET11a vectors, which was 
further confirmed by the sequencing of each constructed plasmid (Fig. A3-1, Fig. A3-2, 
and Fig. A3-3 in appendix). The three proteins of interest were successfully 
overexpressed in E. coil BL21 (DE3) and confirmed by running SDS-PAGE (Fig.4.8). 
The calculated subunit molecular mass from the tauD gene sequence of 31.8 kilodalton 
(kDa) was approximately estimated by SDS-PAGE analysis as 35 kDa. The subunit 
molecular masses calculated from the SsuE and SsuD amino acid sequence of 19.4 kDa 
and 41.8 kDa, were estimated by SDS-PAGE analysis as around 22.5 kDa and 38 kDa, 
respectively. The subtle deviations between theoretically predicted and SDS PAGE-






Figure 4.8. Overexpressed proteins of interest (SsuE, SsuD, and TauD). 
 
4.3.3. Activities of enzymes 
The concentrations of expressed enzymes in the E. coli were as follows: TauD 
0.72 mg/mL, SsuE 1.93 mg/mL, SsuD 0.85 mg/mL. The activity of TauD in crude cell 
extracts was examined for taurine desulfonation by following taurine-dependent sulfite 
release. Sulfite release was not detected in cell extracts prepared from uninduced cells 
control or in crude extracts from induced cells incubated without taurine. TauD in crude 
cell extracts showed a taurine desulfonating activity of 0.75 U/mg of protein. SsuE in 
crude cell extracts showed a NADPH oxidizing activity of 0.3 U/mg of SsuE protein. 
The activity of SsuD in crude cell extracts was examined for sodium hexanesulfonate 
desulfonation by following sulfite release. SsuD in crude cell extracts showed a sodium 





4.3.4. Desulfonation of 6:2 FTS in crude cell extracts 
Desulfonation of 6:2 FTS by TauD was evaluated by determining the amount of 
sulfite formed during 2 hours of incubation at 30 °C in 10 mM imidazole buffer 
containing 2 µM TauD, 500 µM 6:2 FTS, 1 mM αKG, 100 µM FeCl2, and 200 µM 
sodium ascorbate. Sulfite release was not detected in cell extracts prepared from 
uninduced cells or in extracts from induced cells incubated without 6:2 FTS. Around 
81.64 µM of sulfite and 19.15 µM of sulfate, which might be oxidized from sulfite, were 
detected in ion chromatography, indicating that TauD is capable of desulfonating 6:2 
FTS. 
Desulfonation of 6:2 FTS by SsuE/D was evaluated by determining the amount 
of sulfite formed during 2 hours of incubation at 30 °C in 25 mM Tris buffer containing 
500 µM 6:2 FTS, 500 µM NADPH, 3 µM FMN, SsuD to SsuE at a molar ratio of 1:3. 
Around 10.65 µM of sulfite was detected in ion chromatography, indicating that SsuD/E 




5. SUMMARY, CONCLUSIONS AND FUTURE STUDIES 
 
5.1. Summary and conclusions 
6:2 Fluorotelomer sulfonate (6:2 FTS) is often utilized as mist suppressing agent 
in non-decorative hard chrome plating industry as an alternative to a banned chemical 
perfluorooctane sulfonate (PFOS). As a transformation metabolite from constituents in 
AFFFs, not surprisingly, frequent detections of 6:2 FTS with high concentrations were 
found in groundwater and soil that are contaminated with AFFFs. While biodegradation 
of 6:2 FTS have been suggested in activated sludge, aerobic river sediments, and pure 
culture studies, the conditions caused biodegradation of 6:2 FTS are unclear and have 
not been fully investigated. In addition, little was known about the enzymes responsible 
for the desulfonation of 6:2 FTS. 
In this study, three 6:2 FTS-degrading strains were identified. A rhizosphere soil 
isolate, Pseudomonas SYC, was able to utilize 6:2 FTS as sole sulfur source and 
biotransform nearly 97% of 6:2 FTS with free fluoride release within 7 days of 
incubation. Based on the BLAST result of 16S rRNA gene sequence alignment, the 
isolate strain SYC has over 96% homology to known desulfonating strains. Interestingly, 
all strains that have over 96% homology to SYC contain either alkanesulfonate 
monooxygenase gene (ssuD) or taurine dioxygenase gene (tauD) or both, suggesting that 
these two genes are likely to code enzymes responsible for the desulfonation of 6:2 FTS. 
Two 6:2 FTOH-degrading strains, Rhodococcus jostii RHA1 and Pseudomonas 




Ethanol-grown and n-octane-grown P. ole were able to defluorinate 0.8 to 0.9 mol F-
/mol 6:2 FTS on day 7. Relatively higher concentration of fluoride was released by 
ethanol-grown and butanol-grown RHA1, nearly 1.4 mol F-/mol 6:2 FTS on day 7. Both 
6:2 FTOH-degrading strains contained ssuD gene and tauD gene.  
None of the three strains were able to defluorinate 6:2 FTS when taurine was 
supplied as sole carbon source, suggesting that necessary inducers of defluorinating 
enzymes are required for the defluorination to occur, such as ethanol, 1-butanol, and n-
octane. The 6:2 FTS defluorination ability of these three strains can be retained when the 
growth medium is in absence of alternative sulfur source, sulfate. The phenomenon of 
losing 6:2 FTS biodefluorination ability in the presence of sulfate indicated that the 
expression of desulfonating enzymes involved in desulfonation of 6:2 FTS was likely 
repressed, suggesting that desulfonation is the first step in 6:2 FTS metabolism by 6:2 
FTS-degrading strains.  
This was the first study using in vitro enzymatic assays to demonstrate that two 
known desulfonating enzyme systems, two-component alkanesulfonate monooxygenase 
system (SsuE/D) and taurine dioxygenase (TauD), play a role in desulfonation of 6:2 
FTS.  In this study, the genes of ssuD, ssuE and tauD were successfully cloned and 
expressed from plasmid pET11a in E. coli BL21(DE3). The ability of 6:2 FTS 
desulfonation by these two enzyme systems was confirmed by detections of sulfite 
release in liquid medium, providing fundamental knowledge for future studies on the 





5.2. Future studies 
This study demonstrated that the two-component alkanesulfonate 
monooxygenase system (SsuE/D) and taurine dioxygenase (TauD) are responsible for 
desulfonation of 6:2 FTS. The defluorination of 6:2 FTS by three pure cultures were also 
discussed. However, the results of this study brought some questions to several future 
studies. Below are suggestions for future studies that might answer the remained 
questions in this study. 
Two Cupriavidus strains were isolated from rhizosphere in this study. They were 
capable of utilizing 6:2 FTS as sole sulfur source but not able to defluorinate it. It is 
likely that these two Cupriavidus strains lack enzymes to further biotransform 6:2 FTS. 
Thus a 6:2 FTS-degrading consortia can be developed by using the 6:2 FTS-utilizing 
strains as well as 6:2 FTOH-degrading strains to enhance the biodegradation of 6:2 FTS. 
Rapid 6:2 FTS biotransformation with a half-life of around 5 days was reported 
in aerobic river sediment.21 The rapid transformation suggested that 6:2 FTS 
desulfonation occurred although there was sulfate present (~0.3mM). It is possible that 
the desulfonating enzymes were induced after the sulfate were consumed. This aspect 
was not explored in this study. A better understanding of the sulfate concentration 
affecting 6:2 FTS biotransformation potential and its degradation rate is also needed. 
Accordingly, it is necessary to use artificial microbial community or enrichment cultures 
to evaluate their desulfonation ability in the presence of different level of sulfate. 
The synthesis of SsuE, SsuD, and TauD was expressed during growth with 




inorganic sulfur source. However, in the environment, the concentrations of sulfate, 
sulfite, sulfide, and cysteine can be significant. Therefore, the regulations of ssuE, ssuD, 
and tauD gene expressions in 6:2 FTS-degrading strains under sulfur-contained 
conditions are needed for the enhanced desulfonation of 6:2 FTS, even though when 
inorganic sulfur sources are present. 
Further studies are also needed to identify other desulfonating enzymes that can 
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Fig. A2. Agarose gel showing cut and uncut recombinant plasmids extracted from NEB 5-α 





Table A1. Expected plasmid DNA fragment sizes after restriction digestion. pET11a-ssuE was 
digested with XhoI (1 cut) and HpaI (2 cuts) or without enzymes (No cut). pET11a-ssuD and 
pET11a-tauD were digested with NotI-HF (1 cut) and HpaI (2 cuts) or without restriction 
enzymes (No cut).  
 
Plasmid 1 cut (kb) 2 cuts (kb) 
pET11a-ssuE 6.3 1.8 and 4.5 
pET11a-ssuD 6.9 1.6 and 5.3 






Fig. A3-1. Alignment of sequencing result showing successful construction of recombinant 
plasmid pET11a-tauD. T7 promoter starts at 5230 bp. tauD insert starts at 5321 bp and ends at 
6188 bp. Two primers were used in sequencing: pET11a-f (5’-ATA CCC ACG CCG AAA CAA 





Fig. A3-2. Alignment of sequencing result showing successful construction of recombinant 
plasmid pET11a-ssuD. T7 promoter starts at 5230 bp. ssuD insert starts at 5321 bp and ends at 
6476 bp. Two primers were used in sequencing: pET11a-f (5’-ATA CCC ACG CCG AAA CAA 





Fig. A3-3. Alignment of sequencing result showing successful construction of recombinant 
plasmid pET11a-ssuE. T7 promoter starts at 5230 bp. ssuE insert starts at 5321 bp and ends at 
5885 bp. One primer was used in sequencing: pET11a-f (5’-ATA CCC ACG CCG AAA CAA 
GC -3’). 
 
 
 
 
 
 
 
 
 
 
